Abstract. The paper presents heat transfer model for a PV module with the cooling channel. The model has been applied to elaborate a calculation algorithm in order to estimate the power of PV module in relation to its temperature. The proposed calculation methodology allows to evaluate the amount of energy produced by PV installation in the fixed time scale.
Nomenclature
Criterial number
Introduction
One of development tendency in modern solar power engineering is increase of efficiency of PV modules. Technical data of PV modules given by manufacturers in their catalogues are defined in STC conditions (Standard Test Conditions), and they can only by chance correspond with real conditions. Therefore, nominal power parameters of PV modules assumed by the choice of elements for the installation differ from power values obtained in practical applications. Temperature of p-n junction is one of relevant factors that decide about the instantaneous power of PV module. The higher the value of this temperature, the lower the power of PV module, and so the lower the energy production in the PV installation [1] . That is the reason, why it is aimed at lowering the temperature of p-n junction by cooling the rear wall of PV module. There are a few ways to obtain the aim: convection cooling by a fluid stream (air, water, low-boiling fluids), cooling with application of PCM materials, thermoelectric cooling, or spraying the surface with a droplets stream [2] [3] [4] . Authors of the present paper propose the heat transfer model with cooling channel, which allows to determine in an iterative way the approximate temperature of the p-n junction for the fixed time scale. Which, in turn, enables to determine the instantaneous electric power of PV module. Further, if time discretization is made, determination of approximate energy production in fixed time scales is possible. Of course, amount of produced energy depends on the local value of irradiance. The proposed model is a modified version of the model discussed in paper [2] .
Model
In order to estimate the instantaneous electric power of PV module with cooling channel, energy balance was made for PV module and for the fluid in cooling channel, separately.
In case of PV module, it is assumed that, as a result of instantaneous balance of fluxes of input and output energies, module's temperature is the same in all its volume, with exception for the p-n junction only. Energy balance equation for PV module treated as one body has the form ( Fig.1 ):
The following simplifying assumptions were applied in further analysis:
• steady state of PV module; the state occurs when Q & , on the p-n junction. Then, after considering the above assumptions, energy conservation equation (1) has the form:
If using respective coefficients equation (3) has the form:
Solar radiation reaching the front side of PV module is partially reflected from the anti-reflective coating therefore:
Heat flow rates transferred between PV module, and environment and fluid on the other hand are given by equations: Fig.1 . Energy streams in PV module. ( )
In turn, energy balance for the cooling fluid flowing in the channel (Fig.2 ) has the form:
Energy flow rates of the cooling fluid at the inlet and outlet from the channel can be determined from relations:
Heat flow rate carried away from the fluid in the channel as a result of heat transfer through the wall is equal to:
Heat flow rate conducted through lateral protective walls of the channel can be estimated as:
Besides, it is assumed that temperature of the fluid in the channel is a mean of its temperatures at the inlet and at outlet of the channel:
After substitution of relation (10) -(14) in energy conservation equation for the fluid (9) the following equation is obtained:
From the above equation, temperature of fluid at the outlet from the channel can be determined as:
Then, temperature f t can be determined from equation (14), and next, temperature of rear wall of PV module can be determined from equation (7):
Temperature of p-n junction can be calculated from equation Thus, electrical efficiency of PV module resulting from current temperature of the p-n junction is described by equation:
is coefficient of power change with temperature (given by the producer).
Power of PV module can be calculated from equation:
Coefficient PV B in equation (20) describes the degree of drop of nominal parameters of the module depending on operation conditions. The coefficient relates to such factors like smudges on the module, losses on conductors, shading, snow covering, ageing etc.
is assumed in the paper.
It is also necessary for calculations to determine convective heat transfer coefficients, overall heattransfer coefficients among particular media, or respective thermal resistance values.
Overall heat-transfer coefficient through the lateral wall of the channel depends on its thermal resistance and can be calculated from equation: Also, a simplified relation considering additional effect of wind can be applied for calculations, e.g.:
Besides, it has been assumed that the process of overflowing the lateral walls of the channel by air is the same as the process of overflowing the front wall of PV module, hence:
Convective heat-transfer coefficient from rear wall of PV module to the fluid in the channel can be determined from relations valid for the flow of the fluid in the narrow channel [7] . Heat transfer in a confined channel by natural convection is treated as heat conduction. The equivalent convective heat-transfer coefficient 
It is assumed for calculations that values of convective heat-transfer coefficients from the liquid in the channel to the lateral wall of the channel, and from the liquid to the building wall meet the following relation: 
